Contact interface is one of the most important factors in a mechanical contact because it is the place where friction, sound, and heat originate. It is therefore inevitable that modeling various phenomenon related to contact dynamics requires a proper representation of the contact interfaces. One of the methods in representing the behavior of two surfaces in contact is by using the parameter of contact stiffness. In this study, the effect of surface texture on contact stiffness is analyzed. The texture was used in order to reduce the randomness of surface roughness. The soft material was chosen to achieve a pure elastic contact thus preventing plastic deformation to the asperities. The analysis was conducted by using an indentation method employing a steel ball with a relatively small indentation force. The result show contact stiffness values of the textured surfaces were smaller than that of smooth surface. This is particularly observed at low normal load at which total deformation of the surface is relatively small compared to the asperities height. This decrease in the contact stiffness value of the textured surfaces can be related to the reduction in the real contact area.
INTRODUCTION
The behavior of a mechanical contact interface is highly complex because it involves complex interaction among surface asperities influenced by various factors such as asperity size, shape, elastic properties, applied load, and the presence of lubricant at the interfaces. One of the parameters that incorporates most of the factors in a quantitative representation of a contact interface is the contact stiffness. The parameter has been incorporated in various analysis of dynamic problems such as brake noises [1, 2, 3, 4, 5] and other dynamic instability problems.
Among the factors affecting contact stiffness is the surface roughness, a parameter decided by the asperity size, spacing, and pattern. In a rough surface, the asperity size, spacing, and pattern are highly random so that there is no single parameter that can be used to quantify a surface roughness perfectly. Parameters such as arithmetic average of roughness profile Ra, Root Mean Square (RMS) of surface measured peaks and valleys, and the standard deviation of asperity height  are among the parameters that are commonly used to represent a surface properties. The latter parameter has been incorporate in the theoretical estimation of the contact stiffness value of a contact interface [4] Even though the contact stiffness parameter has been used in assessing various dynamic problems, the measurement of contact stiffness value of a contact interface is still difficult. Various methods have been proposed to experimentally measure the contact stiffness [6, 7, 8] . The real contact area, which is represented by the numbers of asperities in contact, is proportionally related to the contact stiffness value [6] .
In this paper, the effect of surface texture on the quantitative value of normal contact stiffness is discussed. The contact stiffness value was assessed experimentally by using an indentation of a steel ball on a textured soft material surface. The effect of asperity height and spacing on the contact stiffness is highlighted.
METHODOLOGY
The contact stiffness, Kc, resulting from the interaction of the two planes is defined as the load, W, necessary to produce a unit displacement, d, of the mean separation and can be written as:
The load W is defined by:
in which E is the Young's modulus of the material, A is the contact area,  is the radius of curvature of asperity height, and  is the standard deviation of asperity height. In a rough surface, the parameter of  and  are highly random. The effect of parameter A and  to the contact stiffness can be evaluated experimentally by using a surface with a relatively uniform contact asperities; surface texture. In order to find out the effect of those parameters on contact stiffness, various surfaces with different texture were prepared. In order to have a pure elastic contact, the soft material was used.
Surface Preparation
Four type of surfaces with different texture characteristics were prepared in this analysis. The profile of each surface is given in Figure 1 . Each surface is marked as Snumber i.e. S1, S2, S3, and S4. The surfaces were prepared by casting the silicon on copper surfaces with different textures, which were manufactured beforehand. Surface S1 ( Figure 1a ) was prepared by casting the silicon on a smooth copper surface. Surfaces S2, S3, and S4 were prepared by casting the silicon on the textured copper surfaces which were manufactured by scratching of a diamond pin with different spacing and depth. The surface S2 has an average asperity height of 15 m and average asperity spacing of 0.07 mm. The surface S3 has an average asperity height of 20 m and average asperity spacing of 0.14 mm while the surface S4 has an average asperity height of 40 m and average asperity spacing of 0.25 mm.
Since the surfaces are made of similar material, they have a similar modulus of elasticity of 3 MPa. The surface will be made in contact with a steel ball having diameter of 2 mm. Thus, it is expected that the number of asperities in contact with the ball is different for each surface because of different asperity spacing. Thus, the change in contact stiffness values can be related to the number of asperity in contact and/or the real contact area. 
Experimental Setup
The contact stiffness value was evaluated by using an indentation mechanism illustrated in Figure 2 . The indenter ball has a diameter of 2 mm. A force is applied in normal direction so that the ball is in contact with the surface. A representative graph of an indentation is given in Figure 3 . In the figure, a normal force of 12 mN was applied on the indenter resulting in the displacement of about 45 m. Using the hysteresis data, the contact stiffness, Kn, is calculated as the ratio of force, ∂F, to displacement, ∂x, at the linear region as illustrated by Figure 3 . Silicon material was used because it is highly elastic as well as to avoid plastic deformation. Figure 3 shows the relationship among the normal force, mN, the Hertzian contact area, m 3 , and the contact stiffness, N/m 2 , for surface S1. It is shown in the figure that both the contact stiffness and the contact area increase as the effect of normal force increase. The indentation tests were conducted for the normal force of 30 mN, 60 mN, and 100 mN. At normal force of 30 mN, the contact area was 2.79x10 -4 m 3 , corresponding to the contact stiffness value of 859 N/m. The contact area increases to 4.61x10 -4 m 3 at normal force of 100 mN resulting in the contact stiffness value of 1080 N/m. In this case, it seems that the contact area is linearly increases with the normal force but the contact stiffness is exponentially increases with the normal force increase. Figure 4(a) shows the relationship among the normal force, mN, and the Hertzian contact area, m 3 , of all evaluated surfaces. Since this value is calculated theoretically, there is no significant differences among the value of contact area of the evaluated surfaces. There is no difference between the contact area of the smooth surface and that of the textured surface for a similar normal force. For the normal force of 30 mN, the Hertzian contact area is about 0.0003 mm 3 . The contact area increases to about 0.00046 mm 3 at normal force 100 mN. However, the value of contact stiffness for each surface were different, as shown in Figure 4 At normal force of 60 mN, the highest value of contact stiffness was for the surface S1 with a value of 906 N/m followed by that of surface S2 with a value of 890 N/m. The contact stiffness value for those of surface S3 and S4 are 839 N/m and 815 N/m, respectively. At the normal force of 60 N, the range of contact stiffness value for the tested surfaces is smaller than that at the 30 N. The highest value was achieved for the smooth surface thus indicating some effects of surface texture on the contact stiffness.
RESULTS AND DISCUSSION
However, at the value of normal force 100 mN, the effect of surface texture on contact stiffness is less observable. At this point, the highest value of contact stiffness was achieved for surface S2 with a value of 1200 N/m. Surface S1 and S3 have a similar value of contact stiffness, i.e 1080 N/m while surface S4 has a contact stiffness value of 976 N/m. This is presumable due to high deformation during the indentation, as shown in Figure 5 . At 100 mN the normal force caused a deformation more than 100 µm to the tested surfaces. This deformation is far larger than the height of the surface asperities as indicated in Figure 1 . Nevertheless, the lowest value of contact stiffness was achieved for surface S4; the one that has the largest value of asperity height and spacing. This indicates the effects of asperity height and spacing parameters on the contact stiffness. In the future, it is interesting to analyze the quantitative relationship among these parameters on the contact stiffness.
The effect of surface texture on contact stiffness is summarized in Figure 6 . The effect can be clearly observed at the normal force of 30 mN. At this force, the average deformation of the surface due to indentation force is 30 µm. With this value of deformation, it can be seen that surface S1 had the largest real contact area compared to other surfaces. Therefore, the decrease of contact stiffness value of surface S2, S3, and S3 can be related to the decrease of the real contact area, as shown in ref. [6] .
Figure 3 Representative results of the indentation tests
The effect of surface texture, asperity height and spacing, was less observable at normal force of 60 mN. At this normal force, the indentation caused deformation of more than 60 µm, which is larger than the highest value of asperity height of surface S4. The values contact stiffness were relatively similar for all surfaces, ranging from 815 N/m to 906 N/m. At this condition, it is presumable that the real contact area for all surfaces subjected to indentation were similar. Figure 6 Effect of surface texture on the contact stiffness A relatively similar condition was achieved for the indentation force of 100 mN, which resulted in surface deformation of more than 100 µm. In this condition, it seems there is another factor affecting the contact stiffness beside the real contact area. Further study is required to clarify this phenomenon.
It has been shown in previous studies that a contact interface having lower value of contact stiffness is less prone to stick-slip vibration. In this analysis, it is shown that a lower value of contact stiffness can be effectively achieved by reducing the real contact area, which is obtained by surface texturing.
